Introduction {#s1}
============

Angelman syndrome (AS) is a rare and severely debilitating neurological disorder with an incidence of ∼1/10--20,000 children [@pone.0061952-Williams1]. Characteristics of AS include severe intellectual disability, inappropriate laughter, stereotypical hand movements, lack of speech, seizures and ataxic gait (Online Mendelian Inheritance in Man \#105830) [@pone.0061952-McKusickNathans1]. The underlying genetic cause for these features is the loss of expression of an E3 ubiquitin ligase protein called UBE3A located on chromosome 15q11.2. Although there are many ways to inherit AS due to the complexity of *UBE3A* transcriptional regulation and imprinting [@pone.0061952-Fang1], the loss of UBE3A protein expression in the brain is the underlying molecular lesion resulting in the AS phenotype [@pone.0061952-Kishino1], [@pone.0061952-Matsuura1]. While maternal deletions of 15q11.2-q13 cause AS, maternal duplications of this region consistently result in an autism phenotype (reviewed in [@pone.0061952-Hogart1]). A key indicator that the maternally expressed *UBE3A* gene is primarily responsible for the autism phenotype in individuals with 15q duplication is the fact that paternal duplications, where the *UBE3A* gene is silent on the duplicated allele, can often be non-pathogenic or do not involve a clear ASD phenotype [@pone.0061952-Cook1]--[@pone.0061952-Veltman1]. A recent mouse model of duplication 15q autism confirms that elevated dosage of the *UBE3A* gene is sufficient to produce autism-like behaviors in a mouse model of 15q duplication syndrome lending additional support to the hypothesis that elevation of UBE3A levels in the brain is the primary cause of autism in duplication 15q syndrome [@pone.0061952-Smith1].

The UBE3A protein is an E3 ubiquitin ligase (also known as E6-AP, for E6 associated protein [@pone.0061952-Huibregtse1]) that transfers a single ubiquitin moiety from its E2 partner to a protein target. These proteins are subsequently targeted for degradation, cellular trafficking, phosphorylation or subjected to site specific cleavage depending on the site of ubiquitination and the degree of mono vs polyubiquitination involved or even the chain of the lysine residue being modified [@pone.0061952-Hicke1]. Furthermore, this process of localized regulation via the ubiquitin proteasome pathway appears to play a major role not only in neurodegenerative disorders such as Alzheimer's and Huntington's disease, but also in the basic process of synaptic plasticity in normal neurons [@pone.0061952-Cajigas1], [@pone.0061952-Yashiro1]. A growing body of evidence from studies of proteins expressed in the post-synaptic density, and the turn over of glutamate receptors in cultured neurons, indicates that experience dependent synaptic plasticity requires ubiquitination and the ubiquitin (Ub)-dependent degradation of proteins at the synapse [@pone.0061952-Ehlers1], [@pone.0061952-Patrick1]. In fact, *Ube3a* deficient mice show defects specifically in experience dependent plasticity [@pone.0061952-Yashiro1], [@pone.0061952-Sato1]. In addition, both *Ube3a* deficient and *Ube3a* over-expressing animals have defects in glutamatergic synaptic transmission [@pone.0061952-Smith1], [@pone.0061952-Yashiro1]. Although several mouse knock out models of AS have been made which recapitulate both the loss and gain of *Ube3a* expression in the brain [@pone.0061952-Smith1], [@pone.0061952-Yashiro1], [@pone.0061952-Jiang1]--[@pone.0061952-Miura1], only a small handful of protein substrates of Ube3a that could ultimately be responsible for the neurological phenotypes observed in mice have been identified [@pone.0061952-Greer1], [@pone.0061952-Reiter1], [@pone.0061952-Margolis1].

Our laboratory has demonstrated that over-expression of human UBE3A protein in the *Drosophila* central nervous system is an effective way to screen for putative UBE3A targets. Using this methodology in combination with 2-dimensional gel (2-D gel) electrophoresis we identified a protein that is a master regulator of actin cytoskeleton remodeling (the Rho-GEF ECT2) which physically interacts with both human and fly Dube3a proteins *in vivo* and may influence phenotypes related to actin cytoskeletal remodeling [@pone.0061952-Reiter1]. We also used this screening method to identify a transcriptionally regulated Dube3a target that is a key regulator of dopamine synthesis in flies and humans, the monoamine pathway rate limiting enzyme GTP Cyclohydrolase I [@pone.0061952-Ferdousy1]. Considering the problems of dynamic range when performing 2-D gel analysis used in previous studies to identify differentially regulated proteins we have chosen to use preparative liquid phase isoelectric focusing (IEF) for a more comprehensive screen of Dube3a regulated proteins in fly heads [@pone.0061952-Cummings1].

Here we utilize this more quantitative and reproducible preparative liquid phase isoelectric focusing (IEF) cell in combination with traditional 1-D denaturing polyacrylamide gel electrophoresis (SDS-PAGE) to separate proteins by molecular weight and quantify changes in protein levels dependent on fluctuations in Dube3a levels. This method allows us to resolve aliquots from the same fractions repeatedly until the pH comparisons are complete and the appropriate protein bands have been excised from the gels for mass spectrometry protein identification.

We directly compared nuclear, cytoplasmic and membrane extracts from *Drosophila melanogaster* heads expressing either no Dube3a protein (*Dube3a^15b^*) or high levels of human or fly UBE3A proteins. By analyzing three cellular compartments we were not only able to identify proteins regulated by Dube3a involved in transcription or extracellular cellular signaling, but were also able to identify proteins that shifted from one cellular compartment to another in a Dube3a, and thus possibly ubiquitination, dependent manner. Using this approach we identified 50 proteins potentially regulated by UBE3A and implicating Dube3a involvement in neuronal homeostasis, ATP synthesis/metabolism pathways, as well as actin production or maintenance. The identification of these Dube3a targets is the first step in identifying new pathways regulated by UBE3A in humans that are responsible for the underlying defects in both Angelman syndrome and duplication 15q autism and may reveal new therapeutic targets for the treatment of these disorders.

Materials and Methods {#s2}
=====================

*Drosophila* Stocks and Heat Shock {#s2a}
----------------------------------

All fly crosses, with the exception of heat shock crosses which were raised at RT, were performed at 25°C on standard corn meal based media. The complete loss of function mutant *Dube3a^15b^* makes no Dube3a protein in the homozygous state and has been previously described [@pone.0061952-Wu1]. Construction of the UAS-*Dube3a*, UAS-*Dube3a*-C/A, and UAS-*hUBE3A* lines have been described elsewhere [@pone.0061952-Reiter1], [@pone.0061952-Ferdousy1]. The following stock was obtained from the Bloomington Stock Center (Bloomington, IN): *Heatshock-*GAL4. The progeny of *Heatshock*-GAL4 crosses to various UAS transgene lines were subjected to a 37°C heat shock for 1 hr to induce transgene expression (24-fold increase in Dube3a protein and 37-fold increase in Dube3a-C/A protein) [@pone.0061952-Ferdousy1]. Flies were allowed to recover for ∼2 min to confirm that they were still alive and then flash frozen in liquid nitrogen for storage at −80°C.

Proteomic Screen {#s2b}
----------------

Heads were removed from frozen flies using molecular sieves under liquid nitrogen as previously described [@pone.0061952-Reiter1]. Cytoplasmic and nuclear proteins were extracted from approximately 300--400 ul of heads using 1X volume of [C]{.ul}ytoplasmic [P]{.ul}rotein [E]{.ul}xtraction [B]{.ul}uffer (CPEB from Bio-Rad). Heads were ground in ice cold buffer to release proteins and then the supernatant (cytoplasmic proteins) collected by centrifugation at 3500RPM at 4°C. The pellet was then re-extracted according to the manufacturers instructions to obtain the nuclear protein extracts. Membrane preparations were made by ultracentrifugation in a sucrose gradient using an established *Drosophila* protocol [@pone.0061952-Sullivan1]. For each 50 mg of total protein, 50 ml of 8M Urea plus 8.75 mls of 3--10 pH 40% ampholytes were added to the sample. Samples were prepared for isoelectric focusing in the Rotofor midi-cell according to the manufacturers instructions (Bio-Rad). Liquid phase isoelectric focusing (IEF) was run at a constant 15W until the voltage did not change for three consecutive readings at 15 min intervals. Twenty samples were then simultaneously collected using a vacuum manifold. The pH of each IEF fraction was directly measured using a micro-pH probe and digital pH meter. Urea was then removed from the samples using Vivaspin columns (Sigma-Aldrich). All samples were measured for protein concentration by Bradford assay and then diluted in 1X Laemmli buffer for storage at −20°C.

For each type of extract in each genotype, all protein fractions were visually analyzed across the middle 18 IEF fractions (∼pH 4.5--10.5) by loading ∼2 ug of total protein per lane on a 20 well 4--12% midi-gel in MOPS buffer (Invitrogen). Samples that were similar in pH to within +/−0.1--0.5 pH units were then run side by side on a 4--12% mini-gel for direct comparison of differentially regulated proteins. To quantify fold change in protein intensity the gels were fixed and stained with quantifiable fluorescent protein stain Sypro Ruby (Invitrogen), scanned under UV illumination using a Syngene G-box imaging system and then analyzed using software to measure intensity differences among protein bands (Syngene). Proteins which were determined to change by at least 2 fold+or -- were then excised from the gels after Silver staining for visualization on a light box or directly cut from the Sypro gels under UV illumination in some cases.

Peptides were identified from cut bands by matrix assisted laser desorption/ionization time of flight mass spectrometry (MALDI-ToF MS) at either the UTHSC, Tufts University or Harvard Mass Spectrometry facility. Only top hits were considered for inclusion in the list and accuracy was assessed by p-value, Z-score or percent coverage. Protein identifications were performed using various parameters to determine confidence in that particular ID depending on the facility used (i.e Z-score vs pval vs %ID) at the UTHSC Proteomics Core (closed 2007), the Tufts University Proteomics Core (closed 2009) and the Harvard University Proteomics Core.

Quantitative Western Blot Analysis {#s2c}
----------------------------------

Transgenic and control flies, no more than 3 days post eclosion, were subjected to a 37°C heat shock for 1 hr, or no heat shock in the case of *Dube3a^15b^*, and allowed to recover for ∼2 min. and then frozen in liquid nitrogen. Cytoplasmic and nuclear extracts were prepared from fly heads using the ReadyPrep Protein Extraction Kit (Bio-Rad). Samples were resolved on a NuPage 4--12% Bis-Tris 1.5 mm Gel using MOPS Buffer (Invitrogen) and transferred to Immobilon-FL PVDF membrane (Millipore). The membrane was blocked with 5% milk, 3% BSA, and 0.1% Tween-20 in PBS. Primary antibodies were used at 1∶5000: anti-GAPDH (Millipore, cat. \#: MAB374), anti-Arginine kinase courtesy of Glen Collier (The University of Tulsa, OK), anti-Eps15 courtesy of Hugo Bellen (Baylor College of Medicine, Houston, TX), and anti-ATPα (cat. \#: α5) from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biology, Iowa City, IA. IR labeled secondary antibodies (α-Guinea pig 680, α-rat 680 and α-mouse 800) were purchased from Li-Cor (Lincoln, NE) and used at a dilution of 1∶10,000. The blot was imaged and analyzed using the Odyssey Infrared Imaging System (LiCor, Lincoln, NE). Samples were normalized using the signal from anti-GAPDH as the reference channel and signal intensity was then adjusted based on the calculated normalization factor assigned to each lane in the channel. Normalized intensities were used for statistical analysis from at least three technical replicates.

Ubiquitin Enrichment Assays {#s2d}
---------------------------

Ubiquitinated proteins were purified using a polyubiquitin affinity resin (Thermo Scientific) in accordance with the manufacturer's instructions. In brief, lysates of the appropriate genotype and cellular fraction were incubated with the resin at 4°C overnight on a rotating wheel. The resin was then washed and ubiquitinated proteins were eluted in SDS-PAGE sample buffer for Western blot analysis. Antibody concentrations and conditions were identical to those described above except all secondary antibodies were IR^680^ and no loading control was used since quantification was not possible by this method.

*In vitro* Ubiquitination Assays {#s2e}
--------------------------------

Both Dube3a and ATPα were purified from fly head cytoplasmic extracts using affinity purification protocols. N-terminally FLAG tagged Dube3a was purified using EZview™ Red anti-FLAG M2 Affinity Gel to purify the Dube3a-FLAG fusion protein following manufactures instruction (Bio-Rad). ATPα protein was purified using anti-ATPα monoclonal antibody (Developmental Studies Hybridoma Bank) through immunoprecipitation with immobilized Protein G beads (Pierce) in accordance with the manufacturers instructions. *In vitro* ubiquitination assays were performed as described [@pone.0061952-Mishra1], [@pone.0061952-Nasu1]. In brief, ATPα protein was incubated in a 50 µl reaction (50 mM of Tris-HCl, pH 7.4, 1 mM of DTT, 2 mM of MgCl~2~ and 4 mM of ATP) containing 50 ng of E1 ubiquitin-activating enzyme, 500 ng of E2 ubiquitin-conjugating enzyme (UBCH7), 2 µg of Dube3a-FLAG fusion protein, and 6 µg of bovine ubiquitin. The reaction was incubated at 30°C for 2 h. The reaction was terminated by the addition of SDS-sample buffer, samples were boiled and proteins resolved on a 4--12% Bis-Tris 1.5 mm acrylamide gel using MOPS buffer (Invitrogen) and transferred to an Immobilon-FL PVDF membrane for Western blot analysis. The blots were probed with both anti-Ubiquitin (Millipore) or anti-ATPα (Developmental studies hybridoma bank). Imaging and analysis was performed on an Odyssey Infrared Imaging System (Li-Cor, Linclon, NE). The mean intensity values were measured from the bottom of the ∼100 kDa ATPα band to the top of the gel for three independent experiments. These values were converted to a percentage of the value for LANE 2 (Dube3a+E1/E2 proteins) in order to compensate for any Dube3a auto-ubiquitination signal. The percentages were then imported into Prism version 5.0 for statistical analysis (GraphPad).

Quantitative Real-time PCR Analysis {#s2f}
-----------------------------------

Total RNA was extracted from ∼100 ul of fly heads using 200 µl of RNABee solution (AMS biotechnology). RNA was quantified by spectrophotometry (NanoDrop Technologies) and the integrity of the 18S and 26S rRNA verified using an Agilent 2100 Bioanlyzer (Agilent Technologies). Two µg of total RNA were used as input for each cDNA reaction synthesized using random hexamer primers via the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). Intron spanning primers were designed for all 49 potential targets using the Roche Universal Probe Library (<http://tinyurl.com/7u6s5bh>). Although some of the genes have multiple splice variants, all primers were designed as common assays that would detect all splice-forms, if possible. Three technical replicates were performed for each gene and normalized to the expression of the housekeeping TATA-binding protein (*TBP*) gene. Gene expression was quantified for each cDNA sample in triplicate at 40 ng/reaction using the default cycling parameters of the Roche Light Cycler 480 system. The crossing point (Cp) value for each sample was calculated using Roche absolute quantitation algorithm. The average Cp value among three technical replicates was calculated and the average sample Cp values were normalized for loading by comparison to the average Cp value of TATA-binding protein *TBP*. The fold change (Fc) in gene expression in fly heads was then calculated by comparing the difference of the normalized mean Cp values between *w^1118^* and the *Dube3a^15b^* mutant or between *Heatshock*-GAL4 and each over-expression construct using the equation Fc = (2)^Dcp^.

Bioinformatic Analysis {#s2g}
----------------------

Heat maps for visual representation of both protein and transcript fold changes were generated by importing values for fold change for each protein or transcript into the web version of the matrix2png program [@pone.0061952-Pavlidis1]. Gene Ontology classifications for the list of 43 putative Dube3a regulated proteins was performed using CateGOrizer [@pone.0061952-Joslyn1] and more formal pathway enrichment analysis was executed through the Database for Annotation, Visualization and Discovery suite (DAVID) [@pone.0061952-Huangda1]. Functional interaction networks and evolutionary conservation of these proteins was analyzed using the Search Tool for the Retrieval of Interacting Genes (STRING) [@pone.0061952-Szklarczyk1]. Putative transcription factor binding site locations and modules were identified using the Transcription Factor Matrix Explorer web interface [@pone.0061952-Pavlidis1].

Muscle Actin Analysis {#s2h}
---------------------

Wandering 3^rd^ instar larvae of genotypes *w^1118^* or *w^1118^*; *Dube3a^15b^*/*Dube3a^15b^* were dissected in *Drosophila* saline solution, fixed for 20 min in 1X PBS plus 4% paraformaldehyde and 25 mM EGTA followed by one wash in PBS +0.05% Tween-20 (PBST). Fixed larvae were then treated with a 10 min incubation in PBS +0.01% Triton-X 100 (PBSTx) followed by a 20 min incubation in a 500 ul solution containing 3 ul Phalloidin^594^ (Invitrogen) in PBSTx. Larvae were washed in PBST twice and then mounted with Prolong Gold Hardset plus DAPI (Vector Labs) for image capture using a 63X lens under oil immersion on a Zeiss LSM 710 confocal microscope with identical imaging conditions for *w^1118^* and *Dube3a^15b^* genotypes. The tile feature was used to capture the entire A2 muscle region from either the left or right side of the animal (overlap 10%). Z-stacks of 6 µm in depth were used to capture images from the muscle nuclei layer to the top of the muscle surface. A stitched Z-stack section from the middle of this stack was then used for intensity analysis using the Zen image analysis package (Zeiss). Intensity was measured in 150 µm segments perpendicular to the muscle striations in both muscles 6 and 7 from each of four animals per genotype (n = 4). Statistical analysis was performed using a Student's *t*-test in the Prism 5.0 software package (Graphpad Software).

Results {#s3}
=======

IEF Screen Reveals Fifty Unique Proteins Regulated by Changes in Dube3a or hUBE3A Levels {#s3a}
----------------------------------------------------------------------------------------

Using the fly GAL4/UAS expression system [@pone.0061952-Duffy1] we previously made transgenic animals containing human UBE3A splice form II [@pone.0061952-Reiter1] as well as the complete cDNA sequence for fly *Dube3a* and a *Dube3a* mutant that has a single mutation at the active site eliminating the ubiquitin ligase function of the enzyme [@pone.0061952-Ferdousy1] under the control of the yeast upstream activator sequence (UAS). We also obtained a previously published complete loss of function mutant of Dube3a known as *Dube3a^15b^* which makes transcript, but no protein [@pone.0061952-Wu1]. Flies under the control of UAS were crossed to a *Heatshock*-GAL4 driver line to induce global high-level gene expression in all tissues. Adult flies no more than 3 days post eclosion were subjected to heat shock to induce transgene expression in the brain and then frozen in liquid nitrogen. In the case of the *Dube3a^15b^* mutant line, flies were grown at 25°C and homozygous *Dube3a^15b^/Dube3a^15b^* flies were used for all experiments. Frozen fly heads were then used to isolate cytoplasmic proteins (soluble fraction), nuclear proteins (re-extracted pellet) and membrane proteins (membrane preparation). [**Table 1**](#pone-0061952-t001){ref-type="table"} summarizes the genotypes, fractions and number of proteins identified during the proteomic screening experiments described in the next section.

10.1371/journal.pone.0061952.t001

###### Overview of bands excised, fractions and total number of novel proteins identified.

![](pone.0061952.t001){#pone-0061952-t001-1}

  Fraction                               Genotype            Bands Excised   Unique IDs   Unique in Fraction
  ----------------------------- --------------------------- --------------- ------------ --------------------
  Cytoplasmic                            HS-GAL4/+                 8                     
                                   HS-GAL4\>UAS-*Dube3a*          18                     
                                 HS-GAL4\>UAS-*Dube3a*-C/A        18             40              *22*
                                      HS\>hUBE3a-77L              12                     
                                       *Dube3a^15b^*               4                     
  Nuclear                                HS-GAL4/+                 2                     
                                   HS-GAL4\>UAS-*Dube3a*           6                     
                                 HS-GAL4\>UAS-*Dube3a*-C/A         2             12              *5*
                                      HS\>hUBE3a-77L               7                     
                                       *Dube3a^15b^*              10                     
  Membrane                               HS-GAL4/+                27                     
                                   HS-GAL4\>UAS-*Dube3a*           3                     
                                 HS-GAL4\>UAS-*Dube3a*-C/A         6             24              *6*
                                      HS\>hUBE3a-77L               0                     
                                       *Dube3a^15b^*              14                     
  Found in Multiple Fractions                                                   *17*     
                                                                  137            76               50

Proteins from each genotype were extracted as described in the methods section. Proteins from each fraction were then separated by isoelectric point using a liquid phase isoelectric focusing cell (IEF). The actual pH and protein concentration for all twenty fractions from IEF cell were recorded and then each fraction run in a second dimension separation by molecular weight. [**Figure 1A**](#pone-0061952-g001){ref-type="fig"} illustrates a second dimension PAGE separation (∼pH 4.5--pH 10.5) for the middle eighteen IEF fractions in *Heatshock*-GAL4 alone (top) and *Heatshock*-GAL4\>UAS-*Dube3a* cytoplasmic fraction proteins ([**Figure 1A**](#pone-0061952-g001){ref-type="fig"}). Protein fractions were then approximately matched by pH (within at least +/−0.5 pH units) in control versus over-expression and control versus *Dube3a^15b^/Dube3a^15b^* heads and then run next to each other to separate proteins in that fraction by molecular weight for the quantification of intensity changes. We compared proteins in each fraction using the quantitative fluorescent protein stain Sypro Ruby and imaged these gels for comparisons ([**Figure 1B**](#pone-0061952-g001){ref-type="fig"}). Protein bands that changed intensity between control and experimental in either direction by at least 2-fold were then excised from the gels for identification by mass spectrometry. The proteins illustrated in [**Figure 1B**](#pone-0061952-g001){ref-type="fig"} were approximately 51 kDa and 38 kDa. They increased by 5-fold and 33-fold as compared to *Heatshock*-GAL4 alone in a *w^1118^* background. These protein bands were cut from the *Dube3a* over-expression lane and identified as uncharacterized protein CG7430 and the Arginine kinase protein (ArgK: CG32031). Using this approach we identified 137 bands to cut from these gels comprising some 76 individual proteins identified by mass spectrometry ([**Table 1**](#pone-0061952-t001){ref-type="table"}). In all, using this screening method we found 22 proteins unique to the cytoplasmic fractions, 5 unique to the nuclear fractions, 6 unique to the membrane fractions and 17 proteins that were identified in multiple fractions. Grouping all fractions together revealed 49 unique proteins that changed in expression level under conditions of increased or decreased Dube3a levels or human UBE3A levels in the brain. We extracted functional information on these hits from Flybase ([www.flybase.org](http://www.flybase.org)) in order to compile a comprehensive list of protein identifications, the cellular fraction in which they were identified, pH, relative fold change, apparent molecular weight as well as database identifiers (see **[Table S1](#pone.0061952.s001){ref-type="supplementary-material"}** for complete details).

![Identification and quantification of fold change in potential Dube3a targets.\
**A)** The middle 18 (out of 20) fractions from the first dimension liquid isoelectric focusing cells were run on 4--7% polyacrylaminde gels to separate proteins in each pH fraction by molecular weight and to determine what adjustments would be needed to normalize protein bands across fractions. Direct comparisons between matched pH samples were made between either wild type and *Dube3a^15b^* loss of function extracts or *Heatshock*-GAL4 and *Heatshock-*GAL4\>UAS-*Dube3a*, *Dube3a*-C/A or *hUBE3A* extracts. This figure illustrates proteins separated by isoelectric point (pI) and their measured average pH for each fraction from *Heatshock*-GAL4 alone on the top and *Heatshock*-GAL4\>UAS-*Dube3a* on the bottom. Fractions that were approximately pH matched were then run on separate PAGE gels for direct comparisons. **B**) Direct comparison of *Heatshock*-GAL4 Alone pH 6.88 to *Heatshock*-GAL4\>UAS-*Dube3a* pH 6.76 cytoplasmic protein extracts. Note the bands with the arrows indicating proteins that went up by 5-fold (∼51 kDa band) or 33-fold (∼37-kDa band) in the *Dube3a* over-expressing extracts. These bands, and others like it, were excised from the polyacrylamide gels and identified by MALDI-ToF ToF analysis. These particular proteins were identified as the predicted 53 kDa form of CG7430 and the predicted 39 kDa form of Arginine kinase (CG32031).](pone.0061952.g001){#pone-0061952-g001}

Many of the proteins identified in our screen changed intensity in multiple cellular fractions or under both elevated and decreased levels of *Dube3a*. In order to visualize the effects of changes in *Dube3a* expression on individual proteins identified we constructed a heat map for the fold change of each protein under each condition of Dube3a over/under expression and in cytoplasmic, nuclear and membrane fractions ([**Figure 2A**](#pone-0061952-g002){ref-type="fig"}). According to current dogma the over-expression of wild type Dube3a should result in decreased levels for proteins that are direct ubiquitin targets degraded by the ubiquitin proteasome and, therefore, we expected that most of the proteins identified in the screen would decrease intensity as compared to the *Heatshock*-GAL4 control extracts. We found instead that most of the proteins identified in our screen increased intensity as a result of both decreased and increased levels of Dube3a ([**Figure 2A**](#pone-0061952-g002){ref-type="fig"}). A notable exception is the 54-fold decrease in protein CG12140 in membrane fraction but 24-fold increase of this protein in nuclear fraction upon wild type Dube3a over-expression. Similarly, the protein Apolipophorins (CG11064) increased intensity by 33-fold in cytoplasmic fraction and decreased 390-fold in membrane fraction when the *Dube3a*-C/A mutant was expressed in fly heads. Both of these examples may represent a shift in protein localization from one cellular compartment to another in a Dube3a regulated manner.

![Heatmap visualization of protein and transcriptional Dube3a dependent changes.\
**A)** Fold change for proteins identified as in [Figure 1](#pone-0061952-g001){ref-type="fig"} was calculated using fluorescent intensity as compared to *Heatshock*-GAL4 alone or w- extracts. The scale is from 30-fold decrease (red) to 30-fold increase (green) in intensity with yellow as an intermediate on the scale. Boxes represent individual proteins identified by mass spectrometry for that fraction (CE, cytoplasmic; NE, nuclear; and ME, membrane) and in that particular genotype. If a particular protein was identified several times in that fraction at different molecular weights or pH values, the average of these intensities was used for the purposes of the heatmap (for complete details on each protein see **[Table S1](#pone.0061952.s001){ref-type="supplementary-material"}**). In three cases, a particular protein was determined to go up in one experiment, but down in another for a different isoform. These proteins are indicated with a slash through the box and the two opposing colors filled into each half. **B)** Average fold change by qRT-PCR for genes identified in the screen under varying levels of Dube3a protein expression. Although some of these genes have several predicted spliceforms, only common assays that could identify as many transcripts as possible were used for this analysis. In the case of Arginine kinase primer set 1 recognizes ArgK-RC and RF while set 2 recognizes RA and RB. For Myosin Heavy Chain set 1 includes RA-C, RF-RL and set 2 RB, RD-E, RK, RM and RJ. The scale is from 5-fold or greater decrease (red) to 5-fold or greater increase (green) in transcript vs. control (either *Heatshock*-GAL4 alone or *w^1118^*). Note that some genes showed transcriptional changes greater than 5-fold, so they are on the upper or lower end of the color scale. A complete table of qRT-PCR results can be found in **[Table S2](#pone.0061952.s002){ref-type="supplementary-material"}**, including error bars for the triplicate technical replicates.](pone.0061952.g002){#pone-0061952-g002}

Six proteins increased by \>20 fold in various cellular fractions from the *Dube3a^15b^* mutant: Actin5c (CG4027), ATPα (CG5670), Cuticular protein 72Ec (CG4784), Fat-body protein (CG17285), Fimbrin (CG8649), and Prolyl endopeptidase (CG5355). Elevated protein expression in the mutant may indicate that these particular targets are de-repressed by loss of Dube3a, and thus could be direct ubiquitin targets degraded by the ubiquitin proteasome system. The most likely direct ubiquitin targets on this list are ATPα and ArgK since these proteins have previously been identified as a proteins ubiquitinated in the developing fly nervous system [@pone.0061952-Franco1].

Six proteins only showed differential protein expression in the presence of elevated human UBE3A, which was used previously to identify both *Punch* and *Pebble* targets [@pone.0061952-Reiter1], [@pone.0061952-Ferdousy1]. These proteins include the endocytic recycling protein Eps15 (CG16932), heatshock protein HSP70Ab (CG18743), ATP synthesis protein ATP synthase-α (CG11154), structural cellular components Tubulin α-1 chαin (CG1913) and Tropomyosin I (CG4898) as well as the myosin-like eye specific protein kinase protein NinaC (CG5125). All of these proteins except Eps15 and NinaC are directly related to structurally similar proteins identified by changes in Dube3a levels such as HSP70Ba (CG31449), ATP synthase-α (CG3612) and myosin heavy chain (CG17927). Thus evolutionary differences between fly and human UBE3A resulted in the identification of similar types of proteins structurally, but the human UBE3A protein was not able to target the appropriate form of these proteins in some cases.

Quantitative Real-time PCR Reveals Eight Potential Transcriptional Targets of Dube3a {#s3b}
------------------------------------------------------------------------------------

Gene expression was analyzed for all 49 proteins identified during the proteomic screen using primer sets common to all splice forms of these genes. Seventeen genes did not demonstrate appreciable changes in gene expression (≥1.5-fold up or down) under any conditions of varying Dube3a protein levels and one gene, Pro-phenol Oxidase 1, could not be analyzed using several different primer sets (**[Table S2](#pone.0061952.s002){ref-type="supplementary-material"}**). A heat map analysis of all of the transcripts is illustrated in [**Figure 2B**](#pone-0061952-g002){ref-type="fig"} **.** Thirteen genes showed a \>1.5-fold increase in gene expression when the Dube3a-C/A protein was expressed, indicating that the ubiquitin ligase function of Dube3a is not required for increased expression of these particular proteins. Eleven of these genes also responded in a positive fashion to increased wild type Dube3a levels. Eight of these genes responded in a positive direction to increased expression of *Dube3a*-C/A and a negative manner to loss of Dube3a (i.e. *Dube3a^15b^*), or not at all, including the GTP cyclohydrolase I gene which we previously described [@pone.0061952-Ferdousy1]. This group of genes, with the exception perhaps of the three Hsp70 genes that responded by \>25 fold increase to loss of Dube3a, are potentially regulated by Dube3a through the relatively uncharacterized transcriptional co-activation function of the Dube3a protein in a ubiquitin ligase independent manner.

Three Heatshock protein encoding genes (*Hsp70Ab, Hsp70Bb* and *Hsp70Ba*) showed a \>25-fold increase in gene expression in the *Dube3a^15b^* mutants ([**Figure 2B**](#pone-0061952-g002){ref-type="fig"} **and [Table S2](#pone.0061952.s002){ref-type="supplementary-material"}**), while a much smaller 2.6-fold increase in gene expression was observed for the heatshock related gene *Heatshock Cognate 4*. Since neither the *w^1118^* line or the *Dube3a^15b^* line were subjected to heatshock, these results indicate that heatshock proteins may be indirectly regulated by Dube3a through a transcription factor intermediate or that Dube3a itself can confer transcriptional co-repression.

We next searched for the presence of transcription factor binding sites in the eight genes that showed increased transcription when we expressed Dube3a-C/A but either were not affected by or showed decreased expression in *Dube3a^15b^* mutants. These genes have the most potential for binding transcription factors that could interact with Dube3a to cause transcriptional co-activation. Using the Transcription Factor Matrix Explorer (TFM-Explorer) we identified significant enrichments (pval≤0.005) for transcription factor modules shared by these eight genes: *Apolipophorins, Crystallin, Eps15, Fasciclin 1, Fat-body protein 1, glyceraldehyde-3-phosphate dehydrogenase, neither inactivation nor afterpotential C* and *Pu* [@pone.0061952-Tonon1]. These eight genes are marked with an asterisk in **[Table S2](#pone.0061952.s002){ref-type="supplementary-material"}**. TFM-Explorer analysis revealed 17 clusters with a significant enrichment for 12 different transcription factor binding sites in the promoter sequences of these eight genes (**Figure S1**). The top five hits included binding sites for transcription factors glial cells missing (GCM: pval = 1.1×10^−4^), Chorion Factor II (CF2: pval = 2.6×10^−4^), Heatshock Factor (HSF: pval = 8.3×10^−4^), Abdominal B (Abd-B: pval = 1.4×10^−3^) and Ultrabiothorax (Ubx: pval = 1.5×10^−3^).

The glial cells missing transcription factor is both necessary and sufficient for the production of glial cells versus neurons in both the central complex of the adult *Drosophila* brain and the developing embryo [@pone.0061952-Jones1], [@pone.0061952-Viktorin1]. The HSF transcription factor binding sites are located in genes that undergo rapid response to stimulus, environment or require orchestrated expression during a biological time-point or process such as may occur during synaptic growth or retraction, while the CF2 transcription factor is closely associated with actin development in larvae [@pone.0061952-McQuilton1]. This analysis suggests that Dube3a may regulate actin cytoskeleton and possibly even neuronal regulatory pathways though co-activation of genes under the control of one or more of these transcription factors.

Proteins Identified are Involved in Nervous System Development, Actin Cytoskeleton Remodeling, ATP Synthesis/Metabolism and Carbohydrate Synthesis/Metabolism {#s3c}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

We classified all 49 proteins from the screen using the specific Gene Ontology (GO) classification term culled from Flybase for each hit. A general root classification of the proteins we found indicates that 18% of the proteins from the screen are cellular components, 36% are involved in a molecular function and 46% are part of a specific biological process ([**Figure 3**](#pone-0061952-g003){ref-type="fig"}, **inset**). Finite analysis of the GO terms for each protein indicated that the major cellular functions regulated by these proteins include carbohydrate metabolism (11%) as well as energy metabolism (15%), actin cytoskeletal structure (7%), development (4%), and nucleotide binding (6%) ([**Figure 3**](#pone-0061952-g003){ref-type="fig"}). Some proteins were also classified in related processes to these key groups such as actin binding (2%), cytoskeletal protein binding (2%), cell transport (2%), morphogenesis (2%), and biogenesis (2%).

![Gene Ontology (GO) characterization of potentially Dube3a regulated proteins.\
The GO classifications for each of the 43 proteins affected by changes in Dube3a expression or the expression of the ubiquitin defective Dube3a-C/A construct were extracted from Flybase ([www.flybase.org](http://www.flybase.org)) and then input as a list into CateGOrizer (<http://tinyurl.com/79kzqn9>) for counting of the classification groups. The small pie chart in the upper left corner indicates the root GO categories represented in our data (18% cellular components, 46% involved in a biological process, and 36% involved in a particular molecular function). The larger pie chart illustrates the major categories of molecular function found in this data set. Most notable are the Catabolism, Carbohydrate Metabolism, Cytoskeleton, Nucleotide Binding, Energy Metabolism and Development categories which comprise ∼47% of the proteins identified in the screen. The colored slices with no percentage listed are all less than 2% of the total set of proteins. All of the categories are listed with a color-coded legend to the right of the pie chart.](pone.0061952.g003){#pone-0061952-g003}

Several proteins on the list of regulated candidates were immediately of interest, as they are specifically known to be involved in neuronal development and activity. These proteins include the dopamine regulatory protein Punch, which we previously showed to be regulated by Dube3a *in vivo* [@pone.0061952-Ferdousy1], the axon guidance proteins Fasciclin 1 (CG6588) and Failed Axon Connections (CG4609), the endocytic recycling proteins Dynamin (CG18102) and Eps15 (CG16932), the creatine kinase orthologue Arginine kinase (CG032031) and the axon homeostatic regulator Na+/K+ pump ATPα (CG5670).

The next most interesting groups of proteins were Heatshock and Heatshock cognate proteins. The identification of changes in Heatshock proteins is not an artifact of the *Heatshock*-GAL4 induction in these cases since all flies containing *Heatshock*-GAL4 were subjected to the same heatshock protocol and the control flies contained the *Heatshock*-GAL4 driver for comparisons of band intensities. In addition, we identified at least one Heatshock protein (Hsp70Ba (CG31449)) that decreased in *Dube3a^15b^* mutants as compared to wild type outside the context of the heatshock protocol. We also found on our list 4 proteins that make up the actin cytoskeleton or muscle including Actin5c (CG4027), Actin57B (CG10067), and myosin heavy chain (CG17927) as well as Tropomyosin I (CG4898). Finally, there were 11 proteins involved in more basic metabolic processes such as dehydrogenases, isomerases and kinases. Since the over-expression of human UBE3A only resulted in changes to 6 proteins that were not also regulated by changes in Dube3a, we conducted more in depth functional analysis using just the 43 proteins in the Dube3a regulated set.

A more formal analysis of these 43 proteins identified from the screen was done using pathway enrichment analysis tools within the Database for Annotation, Visualization and Discovery suite (DAVID) [@pone.0061952-Huangda1]. Using the "medium" stringency setting we analyzed the putative Dube3a regulated proteins as a group. Eight clusters of categories were identified from the set of potential Dube3a target proteins with enrichment scores (Es) ≥1.0 and uncorrected pval ≤0.05 (**[Table S3](#pone.0061952.s003){ref-type="supplementary-material"}**). These included an enrichment for nucleotide binding proteins (Es = 4.1), Heatshock proteins (Es = 3.8), glycolysis (Es = 3.7), oxidation/reduction (Es = 3.3), actin cytoskeleton (Es = 2.9), homeostasis (Es = 2.1), actin binding (Es = 1.8) and mitochondrial oxidative phosphorylation (Es = 1.6). This same set of 43 proteins was then used as an input list for STRING analysis (<http://string.embl.de/>) in order to identify relationships among proteins that may reveal protein networks regulated by Dube3a. Confidence relationships among these proteins revealed a tight cluster of 13 proteins, some of which are involved in actin cytoskeleton remodeling and some in cellular trafficking, as well as a wider network comprising 27 proteins including the neurotransmitter regulator Punch (CG9441) and the axonal transport protein shibire (dynamin: CG18102) that are interrelated by direct physical interaction or functional association ([**Figure 4A**](#pone-0061952-g004){ref-type="fig"}). The cluster on the right side of the figure contains mostly metabolic proteins involved in ATP synthesis and catabolism with a central node at the enolase (CG17654) protein. Finally, we performed phylogenic analysis on this list of 43 proteins to determine which of these targets may also be targets of human UBE3A ([**Figure 4B**](#pone-0061952-g004){ref-type="fig"}). We found that 62% of these fly proteins shared \>50% sequence identity to their human homologues. Six of these are novel proteins previously uncharacterized in *Drosophila* but clearly homologous to human proteins. As expected, some proteins such as Crystallin (CG16963), Pro-phenol Oxidase 1 (Bc: CG42639), Cuticular protein 72Ec (CG4784) and apolipophorins (Rfabg: CG11064) are involved in fly specific structures and functions and thus do not have any appreciable homology to humans and other model organisms. Our gene ontology and phylogenetic analysis indicates that Dube3a may be a key regulator of multiple proteins that regulate cellular trafficking through actin cytoskeletal proteins requiring ATP synthesis and metabolism to function in both flies and humans.

![String and phylogenetic analysis of putative Dube3a regulated proteins reveals a tight cluster of proteins involved in stress response, actin cytoskeleton and ATP binding.\
**A)** All 43 proteins were submitted for STRING analysis and 27 of these proteins formed a single cluster of proteins related by function, pathway or literature search. The thickness of the blue line represents the predicted strength of the relationship between any two proteins. The tight cluster at the center of the diagram consists of 13 proteins enriched for involvement in stress response (Bonferroni corrected pval = 8.01E−03), molecular chaperones (Bonferroni corrected pval = 1.64E−05), ATP binding (Bonferroni corrected pval = 1.11E−04) and mitochondrial membrane proteins (Bonferroni corrected pval = 4.98E−01). **B)** Analysis of protein homology among common model organisms and humans for the Dube3a regulated protein set of 43 proteins from the proteomic screen. The gene name on the left is the fly gene and on the right of the (/) is the human gene name. The scale is from low homology (white) to high homology (black) with red being ∼50% protein sequence identity. Over half of the proteins (67%) were conserved by at least 50% identity from fly to human homologues. Many of these proteins were also conserved in other model organisms, indicating that these potential UBE3A targets could be studied in other systems to validate the results of our proteomic screen in flies. At least seven of the proteins (16%) showed almost no homology (less than 10%) to proteins in other non-insect organisms and are therefore of considerably less interest in terms of UBE3A involvement in human disease mechanisms.](pone.0061952.g004){#pone-0061952-g004}

ATPα is Regulated by the Ubiquitin Ligase Function of Dube3a {#s3d}
------------------------------------------------------------

In order to investigate direct effects of Dube3a ubiquitin ligase function on potential protein substrates identified in our screen we looked for changes in protein expression or ubiquitination state under differential Dube3a expression conditions. Although antibodies were available for Eps15, Arginine kinase, and ATPα for Western blot analysis, only the Eps15 and ATPα antibodies revealed appreciable protein stability/expression changes that were Dube3a dependent ([**Figure 5A**](#pone-0061952-g005){ref-type="fig"}). Appreciable differences could be observed by Western blot for both the ∼150 kDa and ∼100 kDa forms of the Eps15 protein ([**Figure 5A**](#pone-0061952-g005){ref-type="fig"} **, top**). Changes in the expression of Dube3a did cause fluxuations in the normalized intensity levels for ATPα, but these changes were variable among the four independent technical replicates and did not reach significance ([**Figure 5A**](#pone-0061952-g005){ref-type="fig"} **, bottom and 5B, bottom**).

![Quantitative Western blot analysis of potential Dube3a targets Eps15 and ATPα.\
**A)** IR Western blots of Eps15 and ATPα (green) using a anti-GAPDH loading control (red). Quantification of the normalized band intensities for the known protein isoforms of Eps15 and ATPα are graphed in **B**. Genotypes for extracts in each lane are labeled at the bottom of the blot and graphs. White arrows point to the Eps15 ∼150 kDa and ∼100 kDa bands (top) as well as the ∼100 kDa ATPα band. Note a slight increase in intensity for the ∼150 kDa Eps15 band in the HS\>Dube3a lane and slight decrease in the ∼100 kDa Eps15 band in *Dube3a^15b^* mutants as compare to *w^1118^*. Also, a decrease in ATPα can be seen on this particular blot in *Dube3a^15b^* mutants as compare to *w^1118^.* **B**) Graphs of the normalized fluorescent intensity values for each band. Note a trend towards decreased ∼150 kDa Eps15 in the hUBE3A overexpression lane and decreased ∼100 kDa Eps15 in the *Dube3a^15b^* mutant as compared to *w^1118^*. These results did not reach significance in triplicate replicates.](pone.0061952.g005){#pone-0061952-g005}

To determine if the Eps15 and ATPα proteins are ubiquitinated *in vivo* we used a ubiquitin enrichment column to pull down all ubiquitinated proteins in cytoplasmic protein fractions expressing wild type Dube3a, Dube3a-C/A or in a complete loss of function *Dube3a^15b^* background ([**Figure 6A**](#pone-0061952-g006){ref-type="fig"}). We found that elevating Dube3a expression did not appreciably change the amount of ubiquitinated Eps15 or ATPα detected in the elution from the ubiquitin enrichment column, but that complete loss of Dube3a (in *Dube3a^15b^* homozygotes) resulted in a decrease in the amount of ubiquitinated ATPα detectable in the elution as compared to wild type (*w^1118^*;HS-GAL4) head extracts ([**Figure 6A**](#pone-0061952-g006){ref-type="fig"}). No significant changes in the ∼100 kDa form of Eps15 were detected and the ∼150 kDa form, which showed variable expression by Western blot, was not detectable in the eluate of the ubiquitin enrichment column. These results suggest that ATPα is ubiquitinated in a Dube3a dependent manner, but Eps15 is not.

![Ubquitination state of Eps15 and ATPα.\
**A)** Ubiquitin enrichment from cytoplasmic extracts with elevated or decreased levels of Dube3a. Genotypes are listed below. Western blots were performed on ubiquitin-enriched extracts using Eps15 (top) and ATPα antibodies (bottom). Only the ∼100 kDa form of Eps15 could be detected in the elutions from the ubiquitin enrichment column for all genotypes. No ∼150 kDa form could be detected. The ∼100 kDa form appears to be ubiquitinated even in the *Dube3a^15b^* mutant fractions. Ubiquitinated ATPα could be detected in all fractions except for the *Dube3a^15b^* lane, indicating that ATPα may be ubiquitinated in a Dube3a dependent manner. **B)** *In vitro* ubiquitin assays. Purified Dube3a and ATPα proteins were mixed with E1 and E2 proteins *in vitro* in an attempt to ubiquitinate ATPα using the Dube3a E3 ubiquitin ligase. The (+) and (--) symbols above the Western blot indicate the presence or absence of a component in the ubiquitination reaction run in that lane. ATPα protein could be detected in all of the appropriate lanes (red) and a Poly-Ub smear could be seen in the fourth lane from the left (the reaction which contained all components). **C)** The green signal (poly-Ub antibody) was used to quantify the level of ubiquitination detected above background (LANE 1) and above any Dube3a auto-ubiquitination (LANE 2). A strong smear detected in LANE 4 was 143%+/−15% above the background levels and was significantly higher than any signal that comes from Dube3a auto-ubiquitination (LANE 2). The (\*) symbols indicates a p-value of less than 0.05 for these results by one way ANOVA analysis.](pone.0061952.g006){#pone-0061952-g006}

To determine if ATPα can act as a direct substrate for the Dube3a E3 ubiquitin ligase we performed *in vitro* ubiquitin assays using Dube3a and ATPα proteins purified from fly head cytoplasmic extracts combined with recombinant E1 ubiquitin activating enzyme and E2 ubiquitin-conjugating enzyme [@pone.0061952-Mishra1], [@pone.0061952-Nasu1]. The addition of purified Dube3a and ATPα in the absence of E1/E2 enzymes did not produce a ubiquitin smear as detected using a anti-Ubiquitin polyclonal antibody ([**Figure 6B**](#pone-0061952-g006){ref-type="fig"} **, LANE 1**). The addition of purified Dube3a plus E1/E2 proteins did produce a Ub signal slightly above background ([**Figure 6B**](#pone-0061952-g006){ref-type="fig"} **, LANE 2**). The signal in LANE 2 was considered the detection threshold above background (100%) since recombinant UBE3A is known to trans-ubiquitinate itself *in vitro* [@pone.0061952-Kao1]. A faint poly-Ub smear could be detected when purified ATPα was combined with E1/E2 proteins ([**Figure 6B**](#pone-0061952-g006){ref-type="fig"} **, LANE 3**) and a strong smear appeared with the addition of Dube3a protein ([**Figure 6B**](#pone-0061952-g006){ref-type="fig"} **, LANE 4**). This experiment was repeated three times using three different purifications. One Way ANOVA analysis with Tukey's multiple comparison testing among the four groups indicated that there is a significant difference among the groups (pval = 0.0077) and that significantly less poly-Ub is detected in the lane containing no E1/E2 proteins ([**Figure 6C**](#pone-0061952-g006){ref-type="fig"} **, 78+/−2%, pval ≤0.05, LANE 1**) while significantly more poly-Ub is detected in the lane with all three components ([**Figure 6C**](#pone-0061952-g006){ref-type="fig"} **, 143+/−15%, pval ≤0.05, Lane 4**) as compared to the control lane which lacks the ATPα substrate ([**Figure 6B**](#pone-0061952-g006){ref-type="fig"} **, 100%, LANE 2**). These results indicate that ATPα may act as a direct substrate for ubiquitination by the E3 ubquitin ligase Dube3a *in vitro*.

Dube3a is Involved in Muscle Actin Structural Integrity in Fly Larvae {#s3e}
---------------------------------------------------------------------

Since both bioinformatic and qRT-PCR analysis implicated a role for Dube3a in the regulation of the actin cytoskeleton genes *actin5c*, *actin57B*, *Mhc*, and *Tm1* we investigated the effects of decreased Dube3a levels on larval muscle. Crawling 3^rd^ instar larvae have a large area of easily accessible body wall muscle that can be visualized with the filamentous actin (F-actin) toxin phalloidin. We dissected and fixed four wild type and four *Dube3a^15b^* mutant larvae and stained the body muscles with fluorescently labeled phalloidin (Ph^594^). The mean fluorescent intensity was 37% lower in the *Dube3a^15b^* mutants (pval≤0.0001) than in wild type animals and the range of signal intensity was lower as well ([**Figure 7**](#pone-0061952-g007){ref-type="fig"}). While the Z-line staining intensity clearly was lower in the *Dube3a^15b^* mutants, we also observed a merging of adjacent I-bands making it difficult to clearly identify A-bands in these animals ([**Figure 7**](#pone-0061952-g007){ref-type="fig"}). These results indicate that Dube3a is involved in either the production or stability of muscle actin filaments in flies in addition to a probable role in neuronal actin cytoskeletal components.

![Actin deficiency in the body wall muscles of *Dube3a^15b^* larvae.\
**A)** Confocal maximum projection image from wild type (*w^1118^*) 3^rd^ instar larval body wall muscle stained with Phalloidin^594^ to visualize filamentous actin. Letters and arrows indicate the Z-line, I-band and A-band of the muscle sarcomere. Fluorescent staining intensity was measured across a 150 mm span in both *w^1118^* (**A**) and *Dube3a^15b^* mutant larvae (**B**). Note the change in fluorescent intensity as well as a shortening of the I-band and a loss of A-band resolution in the mutant (**B**) as compared to wild type (**A**). **C**) Quantification of filamentous actin staining for n = 4 animals per genotype. Fluorescent intensity was measured across 150 µm perpendicular to the Z-bands in four *w^1118^* and four *Dube3a^15b^* larva. The mean fluorescent intensity for Ph^594^ was 37% less in the *Dube3a^15b^* mutant animals (*t*-test, pval ≤0.001).](pone.0061952.g007){#pone-0061952-g007}

Discussion {#s4}
==========

Changes in *UBE3A* gene and protein expression levels in neurons are responsible for the primary underlying molecular defects in AS and 15 q duplication autism in both humans [@pone.0061952-Cook1], [@pone.0061952-Kishino2] and mouse models [@pone.0061952-Smith1], [@pone.0061952-Jiang1]. Although it has been clear for some time that it is the underlying network of proteins or genes regulated by UBE3A that are responsible for the neurological phenotypes observed in these two conditions, no comprehensive screen for UBE3A regulated targets has been conducted until now. Here we have demonstrated the utility of *Drosophila* to identify 43 potential Dube3a targets in the nervous system that may be relevant to the human conditions. It should also be noted that 52% (26/50) of the unique proteins identified by our screen did not change in any cellular fraction in the *Dube3a^15b^* mutant and of those that did, only 12 out of 24 proteins (50%) changed intensity by \>10-fold validating our prediction that the proteomic analysis of complete loss of function mutants alone would not have revealed the majority of proteins that are actually regulated by Dube3a in a temporal specific manner. More importantly, we have now uncovered sets of proteins involved in the process of actin cytoskeletal dynamics as well as ATP driven metabolic and catabolic pathways which will stimulate new avenues of research in existing fly and mouse models of AS and autism.

Although we found that both actin and myosin transcripts were elevated in *Dube3a^15b^* loss of function animals, we also found that Tropomyosin I (Tm1) levels decreased by 3.3-fold in the absence of Dube3a protein (**[Table S2](#pone.0061952.s002){ref-type="supplementary-material"}**). This may be the cause of the decrease in filamentous actin we found in larvae since Tm1 physically interacts with and stabilizes actin filaments [@pone.0061952-Wang1]. The identification of actin cytoskeletal components regulated by changes in Dube3a levels is significant on several levels. First, in the original study describing the *Dube3a* loss of function mutations in flies the authors found that adult flies showed locomotor defects, specifically climbing ability [@pone.0061952-Wu1]. They attributed these defects primarily to the accumulation of Dube3a substrates in the nervous system. We found, however, that muscle integrity is compromised in *Dube3a* deficient larvae and most likely in adult muscle as well, suggesting that muscle defects may also contribute to the locomotor defects observed in these animals. Second, the upstream regulation by *Dube3a* of actin cytoskeleton through fly Pebble or UBE3A regulation of ECT2 may explain the changes in actin cytoskeletal components we found in our screen since Pbl/ECT2 is a Rho-GEF which is a master regulator of the cytoskeleton. Although we did not identify Pbl by liquid phase isoelectric focusing in the current screen, we previously showed that Pbl/ECT2 physically interact with both fly and human Dube3a/UBE3A proteins [@pone.0061952-Reiter1]. Third, mice deficient for *Ube3a* protein have significant defects in experience dependent synaptic plasticity in the visual cortex [@pone.0061952-Yashiro1], suggesting a connection between loss of Ube3a and the inability to regulate the actin cytoskeleton appropriately during synaptogenesis. Finally, although some variability has been observed for dendritic spine density in *Ube3a* deficient animals [@pone.0061952-Dindot1], [@pone.0061952-Greer1] several studies indicate that loss of *Ube3a* can result in a decrease in dendritic spine density on basal pyramidal neurons [@pone.0061952-Yashiro1], [@pone.0061952-Sato1], [@pone.0061952-Dindot1]. Our findings that Dube3a can affect appropriate levels of actin and myosin in the fly brain in addition to the defects in muscle integrity we observed in Dube3a deficient larvae supports the hypothesis that UBE3A is an upstream regulator of the actin cytoskeleton which can cause synaptic defects when both under expressed (as in AS) or over-expressed (as in int dup(15) syndrome).

Our current screen for Dube3a regulated proteins in the fly nervous system suggests a role for Dube3a in the regulation of actin filaments through the regulation of actin, beta-tubulin and heat shock proteins. In a previous screen for ubiquitinated proteins in the developing fly nervous system several actin filament regulatory proteins were identified. These included not only heat shock proteins Hsp83, Hsp27 and Hsp26 as well as alpha-tubulins 84D and 67C but also several nervous system specific regulators of axon guidance such as neuroactin, fasciclin (2 and 3), and failed axon connections [@pone.0061952-Franco1]. In fact, given the limits of any proteomic screen in distinguishing almost identical proteins from a large family like the heat shock and tubulin proteins it is possible that Dube3a actually targets the same heat shock and tubulin proteins which were identified in the previous screen. It is encouraging that at least some of the same proteins identified in this Dube3a specific screen were also identified as proteins directly ubiquitinated in the fly nervous system by Franco *et al.* ([**Table 2**](#pone-0061952-t002){ref-type="table"}). Additional experiments performed in this study indicate that more ubiquitinated ATPα is observed in the presence of functional Dube3a in an *in vitro* ubiquitin assay making it the first valid ubiquitin target of Dube3a in the fly nervous system. However, we must point out that additional experiments similar to those performed by Franco *et al*. *in vivo* will be required to establish direct ubiquitination of ATPα by Dube3a in neurons.

10.1371/journal.pone.0061952.t002

###### Dube3a regulated proteins identified in this study that are ubiquitinated in the nervous system according to Franco *et al.* 2011 [@pone.0061952-Franco1].

![](pone.0061952.t002){#pone-0061952-t002-2}

  ------------------------ -----------------------------
  Dube3a Screen                    Bio-Ub Screen
  Arginine kinase                 Arginine kinase
  ATPalpha                           ATPalpha
  beta-Tubulin              alpha-Tubulin (84C and 67C)
  HSP70 (Ba and Bb)                  HSP70 Cb
  *Fascillin 1*                *Fascillin (2 and 3)*
  Faild Axon Connections      Faild Axon Connections
  HSP cognate-4                    HSP cognate-4
  Enolase                             Enolase
  ------------------------ -----------------------------

In this study we show a \>25 fold increase in gene expression for Hsp70Ab, Hsp70Ba and Hsp70Bb in a homozygous *Dube3a^15b^* loss of function mutant (**[Table S2](#pone.0061952.s002){ref-type="supplementary-material"}**). A link between the ubiquitin proteasome system and the heat shock response has been known for some time [@pone.0061952-Kim1], [@pone.0061952-Mathew1]. In fact, transcriptional regulation of Hsp70 may be regulated by another E3 ubiquitin ligase called CHIP (the C terminus of Hsp70-interacting protein) which can physically interact with the transcription factor HSF1, a primary regulator of heat shock protein transcription [@pone.0061952-Kim2]. A direct physical interaction between UBE3A and Hsp70 has also been established and is thought to provide a connection between Hsp70 bound mis-folded proteins and UBE3A ubiquitination of these substrates destined for degradation by the UPS [@pone.0061952-Mishra2]. This induction of Hsp70 gene transcription in the absence of Dube3a protein may be a regulatory response driving the use of other, possibly less specific, E3 ligases such like CHIP for the clearing of mis-folded proteins in the absence of Dube3a [@pone.0061952-Ballinger1].

Perhaps the most significant single target identified in this study regulated by Dube3a is the Na+/K+ pump ATPα [@pone.0061952-Lebovitz1]. The primary role for ATPα is to maintain cellular homeostasis across the axonal membrane of neurons. Although our data suggest that ATPα may act as a ubiquitin substrate *in vivo*, the downstream effects of this ubiquitin modification remain somewhat puzzling since there are no appreciable changes in ATPα stability of the protein by Western blot ([**Figure 5**](#pone-0061952-g005){ref-type="fig"}). Mutations in fly ATPα cause bang sensitivity, a phenotype analogous to seizures in mammals [@pone.0061952-Schubiger1]. Seizures are a prominent characteristic of AS and occur in a substantial portion of 15 q duplication autism cases as well [@pone.0061952-Williams1], [@pone.0061952-Dennis1]. In addition, increased α1 ATPase has recently been found in the axon initial segment of pyramidal and hippocampal neurons of *Ube3a* deficient mice [@pone.0061952-Kaphzan1]. Perhaps the most relevant connection between autism and UBE3A expression levels may be that increased activity of this Na+/K+ pump has been detected in the frontal cortex and cerebellum of individuals with idiopathic autism as compared to typically developing individuals [@pone.0061952-Ji1]. Taken as a whole, these studies suggest that if Dube3a regulates the function of ATPα via direct ubiquitination these changes in Na+/K+ homeostasis may contribute to the increased seizure risk common in AS and autism.

We previously showed that Dube3a can regulate dopamine levels in the fly brain through the transcriptional (ubiquitin independent) regulation of GTP cyclohydrolase I (Punch) [@pone.0061952-Ferdousy1]. Although it had been known for some time that UBE3A is able to regulate steroid hormone receptors through transcriptional co-activation [@pone.0061952-Ramamoorthy1], this was the first time that transcriptionally regulated target of Dube3a was identified in the nervous system. Here we show that several other proteins are also regulated at the transcript level by Dube3a in a ubiquitination independent manner and have begun the search for transcription factors that may work in concert with Dube3a to regulate these genes (**Figure S1**). This growing list of transcriptionally regulated Dube3a genes opens a new avenue of research into the mechanisms by which Dube3a can act as part of a transcription factor complex and which transcription factors bind to Dube3a in the nucleus.

It should also be noted that we observed changes in the cellular compartmentalization of two proteins as a direct result of over-expression of either wild type Dube3a or the presumed dominant negative form Dube3a-C/A ([Figure 2A](#pone-0061952-g002){ref-type="fig"}). In the case of CG12140, the over-expression of wild type Dube3a caused a decrease in detectable levels of membrane bound CG12140 and an increase in the amount of CG12140 found in the nuclear fraction. For the protein Apolipophorins, there was a decrease in the cytoplasm and increase in the membrane bound levels of this protein when the Dube3a-C/A form was over-expressed. The trafficking of proteins to various cellular compartments as a result of ubiquitination or loss of ubiquitn moieties is not unprecedented. Reversible ubiquitination plays a key role in the modulation of the both Wnt and Hedgehog signaling pathways causing both the smoothend and Frizzled proteins to be rapidly recycled from the membrane to endosomes (reviewed in [@pone.0061952-Clague1]). In fact, the Apolipophorin protein (also known as lipophorin or Retinoid- and fatty acid-binding glycoprotein) actually binds covalently to the Hedgehog morphogen and is required for long range Hedgehog signaling during development [@pone.0061952-Panakova1]. These findings suggest that Dube3a may even regulate some morphogens through the recycling of Apolipophorin to the membrane. Furthermore, in yeast, the ubiquitin ligase protein Rsp5 can "decorate" proteins with K63Ub moieties causing the subsequent movement of these proteins from the membrane to internal multivesicular bodies [@pone.0061952-Erpapazoglou1]. Although we provide no evidence that Dube3a is involved in these types of trafficking or signaling effects, it is nonetheless compelling to find these changes in cellular compartmental localization for at least two proteins identified in the screen and will be an interesting new avenue of Dube3a research in future studies.

Finally, although we have exhausted this particular approach to the identification of direct protein targets of Dube3a in fly heads, the use of the bio-Ub method will enable a deeper investigation into the identification of Dube3a dependent ubiquitin targets in the fly nervous system. Finding additional transcriptionally regulated Dube3a genes will require a different set of tools including whole genome chromatin immunoprecipitation approaches to identify the *cis* regulatory regions responsible for these changes in gene expression. Here we propose a new model for UBE3A regulation in the nervous system that involves not only regulation by direct ubiquitination of target proteins but also transcriptional regulation and perhaps even cellular trafficking.
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